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Recent experiments on twisted bilayer graphene (tBG) close to magic angle show that a small
relative rotation in a van der Waals heterostructure greatly alters its electronic properties. We
consider various scattering mechanisms and show that the carrier transport in tBG is dominated by
a combination of charged impurities and acoustic gauge phonons. Charged impurities still dominate
at low temperature and densities because of the inability of Dirac fermions to screen long-range
Coulomb potentials at charge neutrality; however, the gauge phonons dominate for most of the
experimental regime because although they couple to current, they do not induce charge and are
therefore unscreened by the large density of states close to magic angle. We show that the resistivity
has a strong monotonically decreasing carrier density dependence at low temperature due to charged
impurity scattering, and weak density dependence at high temperature due to gauge phonons. Away
from charge neutrality, the resistivity increases with temperature, while it does the opposite close to
the Dirac point. A non-monotonic temperature dependence observed only at low temperature and
carrier density is a signature of our theory that can be tested in experimentally available samples.
The remarkable observations of superconductivity and
insulating behaviour near magic angle in twisted bilayer
graphene (tBG) [1–3] have underlined the importance
of twist angle as an additional control knob in van der
Waals heterostructures. The band structure of tBG can
be significantly altered with just small variations in the
twist angle [4]. Special cases emerge near the so called
“magic angles” when the lowest energy bands become
almost flat [5], providing a platform for exotic physics
arising from strong correlations. These recent exper-
iments have inspired a large body of theoretical work
which aim to understand both the origin of this strongly
correlated phase [6–17] and phonon-driven superconduc-
tivity in tBG [18–20]. More recent experimental work has
focused on electron transport [21, 22]. A striking char-
acteristic of transport in tBG close to magic angle is its
extremely high and T -linear resistivity at high tempera-
tures [1, 3]. Understanding the physics of these transport
features could provide the insights necessary to under-
stand the observed strongly correlated phases.
Carrier transport in monolayer and bilayer graphene
has been studied extensively over the past decade, both
in theory and in experiment [23]. Traditionally, charged
impurities dominate the electronic carrier transport at
low temperature for both graphene monolayers and bi-
layers, and these also induce fluctuations in the carrier
density close to the Dirac point. Acoustic phonons be-
come relevant at intermediate temperatures (T & 100 K)
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and give rise to a characteristic linear in T resistivity. At
still higher temperatures (T & 250 K) optical phonons
take over as the dominant scattering mechanisms. While
the linear-in-T resistivity in tBG has been previously at-
tributed to phonons [24], the magnitude of the deforma-
tion potential extracted from experiment and the relevant
temperature scales do not match what we know from our
extensive studies on graphene [23].
In this Letter, we present a complete theory for trans-
port in tBG at low densities near magic angle tBG
(θM ), identifying all the relevant scattering mechanisms
responsible at various temperatures probed experimen-
tally. We find that for tBG close to magic angle, there
is a crossover from charged-impurity limited transport to
phonon-limited transport. Usually, phonon-dominated
resistivity is modeled by the deformation potential. How-
ever, we show that the deformation potential contribu-
tion becomes irrelevant due to screening, and instead the
phonon contributions arise from a gauge-field term [25].
The dominance of these gauge phonons arise due to the
immunity of these particular phonons to the enhanced
screening from the flat bands in tBG.
The enhanced screening reduces the importance of all
other scattering mechanisms including that of charged
impurities and deformation potential phonons. Our the-
ory shows that away from charge neutrality, the resistiv-
ity increases linearly with temperature with weak depen-
dence on both carrier density and impurity density (and
therefore shows little sample-to-sample variations). How-
ever, close to the Dirac point at sufficiently low tempera-
ture, a non-monotonic in temperature and strong density
dependence reveals the role of charged impurities.
As shown in Fig. 1, acoustic phonons in graphene can
ar
X
iv
:1
90
2.
01
40
5v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
4 F
eb
 20
19
2Figure 1. Scalar and gauge deformations of twisted bilayer
graphene (a) and how they are screened within the random
phase approximation (b). The uniform stretching of the moire´
Brillouin zone (top sketch) couples to both charge and cur-
rent and is strongly screened by the electrons in the flat moire´
bands at low energy. The asymmetric and shear modes (bot-
tom two sketches) are area preserving and therefore act like
a gauge potential that couple to current but not charge. As
a result, these remain unscreened even as the Fermi velocity
vanishes. Wavy, solid and springy lines refer to Coulomb in-
teraction Vq, electrons and phonons, respectively. ΠC is the
RPA polarization bubble.
be classified as either deformation potential modes DA
that change the area of the Brillouin zone, or gauge
field modes βA that do not. The DA contribution
comes from the longitudinal acoustic phonons and causes
charge separation that is susceptible to electronic screen-
ing. However, we show below that the gauge field term,
which comes from both the longitudinal and transverse
phonons, is unaffected by screening because although
they couple to the current, they do not couple to charge.
These modes remain unscreened even as the Fermi ve-
locity vanishes. Charged impurity scattering that has
dominated the transport properties of 2D materials are
screened by the enhanced density of states. As explained
below, this weaker electron-impurity interaction is com-
pensated by a lower velocity (see Table I), so in the end,
the qualitative behavior of electron-impurity resistivity
is the same as in monolayer graphene. Due to the van-
ishing density of states of Dirac fermions as n → 0 and
T → 0, charged impurity scattering still dominates the
transport properties for sufficiently low carrier density
and temperature.
To qualitatively illustrate the role of screening in tBG,
we consider in Table I the Thomas-Fermi screening model
where the polarizability is given by the density of states
ND. Within a Dirac model (justified below), as θ → θM ,
the linear bands become flat, v∗ → 0 and the static
dielectric function diverges as (q) ∼ v∗−1. For most
mechanisms, screening gives a v∗2 contribution, that is
Table I. Relevant scattering mechanisms and the dependence
of resistivity on Fermi velocity ρ(v∗). Only the βA gauge
phonons grow in importance as v∗ → 0 when θ → θM .
Mechanism Unscreened Screening (q)−2 Net effect
Charged imp. v∗−2 v∗2 constant
Phonons (DA) v
∗−2 v∗2 constant
Phonons (βA) v
∗−2 No screening 1/v∗2
Viscous friction v∗−2 v∗2 constant
Puddles v∗−2 v∗2 constant
compensated by the usual v∗−2 dependence of resistiv-
ity on carrier velocity. The inability of Dirac fermions
to screen the gauge phonons dramatically increases their
importance for the transport close to magic angle. In
particular, the crossover temperature for which gauge
phonons dominate over charged impurities drops from
Tcross ∼ 500 K for monolayer graphene to Tcross ∼ 5 K
for tBG. It is remarkable that phonons which were tra-
ditionally neglected all the way until room temperature,
now become important at such low temperatures.
The electron-phonon (e-ph) interaction for monolayer
graphene within a single-valley Dirac model contains
both scalar and vector potential components [25] and is
given by Ve−ph = ΦI + σ ·A, where
φ = DA (uxx + uyy) (1)
A = βA
(
uxx − uyy
−2uxy
)
(2)
where DA and βA are bare (unscreened) coupling con-
stants. The electron-phonon vertex therefore has a
two-dimensional matrix structure, and its diagonal (off-
diagonal) part comes from the scalar (vector) potential.
While the diagonal component constitutes a scalar de-
formation potential, the off-diagonal component corre-
sponds to distortions which do not induce any variation
in the unit cell area, but rather induce bond length mod-
ulations which are often represented by a synthetic gauge
field [26]. The random phase approximation (RPA)
screening of the e-ph vertex by Coulomb interactions
can be calculated from the polarizability bubble shown
in Fig. 1(b). After including higher-order bubbles, the
screening of a general vertex g is given by the Dyson
equation g → g + IVqΠg + IVqΠCVqΠg + · · · , where I
is the identity matrix, Vq is the Fourier transform of
the Coulomb interaction, ΠC is the polarizability bub-
ble, while Πg is the polarizability bubble with the vertex
g at the right end as shown in Fig. 1(b). The RPA series
is summed giving the screened vertex as
βAσx
RPA−→ βAσx + βAVqΠg
1− VqΠC 12. (3)
The key result is that the off-diagonal component is un-
affected by RPA screening i.e. the gauge phonons remain
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Figure 2. (Color online) (a) Electronic structure of twisted bilayer graphene. A low energy effective Dirac Hamiltonian is valid
for energies up to the blue line (marked Dirac) which for θ = 1.3◦ is ∼ 25 percent of the van Hove singularity energy (marked
VHS). (b) Gauge phonons dominate the transport at temperatures higher than Tcross, while charged impurities dominate at
lower temperatures. This crossover occurs within the window probed in recent experiments. (c) Similarly, phonons dominate
at high density, while charged impurities dominate at low carrier density.
unscreened by the large density of states (these phonon
modes could also be germane to the observed supercon-
ductivity). We neglect the scalar component both be-
cause it is screened by ΠC (similar to the DA phonons),
and because Πg vanishes at charged neutrality.
To test the validity of the Dirac model, in Fig. 2 we
plot the lowest energy bands for the continuum model [4]
at θ = 1.3◦. The linear regime breaks down due to the
emergence of Fermi pockets close to the Γ point. To
stay within the regime of validity of the Dirac model, we
limit our considerations to carrier densities . 8 × 1010
cm−2 (although we expect our results to hold qualita-
tively for even higher densities). In Fig. 2 we show that
the crossover from charged impurity limited scattering to
gauge phonon limited scattering occurs well within the
regime where the Dirac Hamiltonian is valid.
The Boltzmann transport theory for charged impurity
scattering is now well-established, and we refer the reader
to Ref. [23] for details. The scattering time is given by
1
τe−imp(ε)
=
ni|ε|
2piv∗2
∫ pi
0
dθ
∣∣∣∣Vei(q)(q)
∣∣∣∣2 (1− cos2 θ), (4)
where ni is the impurity concentration and Vei(q) is
the Coulomb impurity matrix element. The v∗ depen-
dent prefactor outside the integral comes from the en-
hanced ND, while the dielectric function (q) is also en-
hanced by v∗−2. As a result 1/τe−imp scales roughly
as v∗ and is suppressed near magic angle. Throughout
this work we use the RPA dielectric function (q, T ) =
1 − Vq(q)ΠRPA(q, T ), where Vq(q) = 2pie2/(κq) is the
Coulomb potential, κ is the background dielectric con-
stant and ΠRPA(q, T ) is static RPA polarizability [27].
The resistivity (ρe−imp) is obtained from τe−imp by the
usual energy average
1
ρe−imp
= e2
∫
dεND(ε)
v∗2
2
τe−imp(ε)
−∂nF (ε− µ)
∂ε
.
(5)
By contrast, the e-ph interaction in TBG is drasti-
cally different from that of monolayer graphene due to
the emergence of hybrid folded phonon branches [28].
These hybrid phonons depend very sensitively on twist
angle. For the temperature range we consider, the lowest
acoustic phonon branch (which is the same as monolayer
graphene) dominates. The gauge phonon contribution to
the resistivity is [25, 29]
ρe−phβA =
16β˜2AkF
e2µsvA (v?)
2F
(
TBG
T
)
, (6)
where TBG is the Bloch-Gruneisen temperature
(kBTBG = 2~vAkF ), µs is the mass density of
graphene, kF is the Fermi wave-vector and vA
is the effective acoustic phonon velocity. Here
F (x) =
∫ 1
0
dy[xy4
√
1− y2exy]/ (exy − 1)2. The effective
coupling constant β˜A is proportional to strain, and
therefore β˜A ≈ βA(v∗/vF )/[2 tan(θ/2)] and βA = 3.6eV
is the value obtained for monolayer graphene from
DFPT and tight-binding calculations [18, 25]. The DA
deformation potential phonons have a similar form to
Eq. 6. However, since they are heavily screened, this
contribution becomes irrelevant in the temperature and
density regimes we considered.
Figure 3 shows our results for the transport proper-
ties of tBG including both charged impurities and gauge
phonons. Gauge phonons dominate for T > Tcross and
as θ → θM . The dependence of the crossover temper-
ature and carrier density as a function of twist angle
is shown in Fig. 2 and we observe that the phonon-
dominated regime becomes more prominent as one ap-
proaches the magic angle. For example, we find that the
crossover temperature Tcross from impurity-dominated to
phonon-dominated resistivity is 5K at n = 2×1010 cm−2
and twist angle θ = 1.2o. We identify three distinct
transport regimes: (i) For T > Tcross, the resistivity is
dominated by gauge phonons and is linear in temper-
ature as one would expect from acoustic phonons; (ii)
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Figure 3. (Color online) (a) Total resistivity as a function of twist angle (above magic angle), showing a crossover from phonon
to impurity-dominated carrier transport. The black solid, red dashed and blue dashed lines are total, phonon and impurity
limited resistivity, respectively. Gauge phonons are not screened by the large density of states associated with the flat bands,
and dominate close to magic angle. (b) Total resistivity as a function of temperature at fixed density and twist angle. The
crossover temperature in monolayer graphene is ∼ 500K, while near magic angle, the crossover temperature reduces to 5 K
due to the strong screening of charged impurities by the flat bands, and the immunity of gauge phonons towards screening.
The non-monotonicity arises from charged impurity scattering component crossing over from the degenerate (kBT < εF ) to
non-degenerate regime kBT > εF . We use an effective dielectric constant of κeff = 3.5 appropriate for TBLG on h-BN.
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Figure 4. (Color online) Full effective medium theory for carrier transport in twisted bilayer graphene as a function of tempera-
ture (a) and density (b) considering both charged impurity and gauge phonon scattering. At high temperature or high density,
the gauge phonons dominate and there is a linear in T resistivity with negligible density dependence. At low temperature and
close to charge neutrality, there is a non-monotonic temperature dependence arising from charged impurity scattering. There
is an inversion in temperature dependence as we move away from charge neutrality to higher densities because of a crossover
from charged impurity to gauge phonon scattering. Inset: Charge density fluctuations vs twist angle. While charged impurities
are strongly screened by the large density of states, the electron-hole puddles are weakly affected by twist angle.
For intermediate temperatures k−1B εF < T < Tcross, the
resistivity decreases with increasing temperature. This
is understood as the non-degenerate Fermi liquid scat-
tering off charged impurities, where both the effects of
screening and energy averaging reduce the resistivity as
ρe−imp ∝ (εF /kBT )2; (iii) For T < k−1B εF , Tcross, we
have the degenerate Fermi liquid scattering theory of
charged impurities where energy averaging has little ef-
fect on the resistivity and screening increases resistivity
as δρe−imp ∝ (kBT/εF )2. This non-monotonic bump in
the total resistivity ρ(T ) for T . Tcross, and linear-in-T
for T > Tcross are the main predictions of this work.
For a theory with homogeneous carrier density, the
charged impurity limited resistivity diverges as n → 0.
5However, we know that these same charged impurities
that dominate transport give rise to carrier density inho-
mogeneities that cure this divergence [30]. In Fig. 4 we
show that the magnitude of the density inhomogeneity is
weakly affected by the enhanced screening close to magic
angle. We use the well-established effective medium the-
ory [31] to average over these density inhomogeneities
close to the Dirac point. Our results for the resistiv-
ity as a function of temperature and carrier density for
θ = 1.2◦ are shown in Fig. 4. There is a strong carrier
density dependence at low temperature (dominated by
charged impurities) and a weak density dependence at
higher temperature (dominated by gauge phonons). Our
theory also predicts a temperature and density regime
where resistivity decreases with increasing temperature
causing an inversion in the temperature dependence at
low and high density e.g. in Fig. 4b, close to charge neu-
trality, resistivity decreases with increasing temperature,
while at 4×1010cm−2 resistivity increases with increasing
temperature. (The curve for T = 0.5K is strongly influ-
enced by the carrier density inhomogeniety and doesn’t
follow this general trend).
Finally, in our analysis we considered other possible
relevant mechanisms for transport in tBG and found
them to be negligible. For example, Umklapp scatter-
ing [32] is irrelevant for the densities we consider because
only a small area of the moire´ Brillouin zone is occu-
pied and the hydrodynamic electron-hole scattering [33]
contribution to resistivity remains weaker than impurity
scattering for T < 100 K. We conclude that for the
experimentally relevant temperatures and densities the
resistivity is determined only by the interplay between
charged impurities and gauge phonons.
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